The biosynthesis of capsaicinoids in the placenta of chilli fruit is modelled to require components of the fatty acid synthase (FAS) complex. Three candidate genes for subunits in this complex, Kas, Acl, and Fat, isolated based on differential expression, were characterized. Transcription of these three genes was placental-speci®c and RNA abundance was positively correlated with degree of pungency. Kas and Acl were mapped to linkage group 1 and Fat to linkage group 6. None of the genes is linked to the pungency locus, C, on linkage group 2. KAS accumulation was positively correlated with pungency. Western blots of placental extracts and histological sections both demonstrated that the accumulation of this enzyme was correlated with fruit pungency and KAS was immunolocalized to the expected cell layer, the placental epidermis. Enzyme activity of the recombinant form of the placental-speci®c KAS was con®rmed using crude cell extracts. These FAS components are fruit-speci®c members of their respective gene families. These genes are predicted to be associated with Capsicum fruit traits, for example, capsaicinoid biosynthesis or fatty acid biosynthesis necessary for placental development.
Introduction
Several different species in the genus Capsicum are cultivated as vegetable and spice due to the presence of pungent or`hot' capsaicinoids that accumulate in vesicles or blisters on the epidermis of the chilli placenta Zamski et al., 1987) . Capsaicinoids are tasteless, odourless compounds detectable by mammalian pain receptors in solutions of 0.1±1 ppm (~1 Scoville Heat Unit, SHU: Andrews, 1995) . Capsaicinoids accumulate in pockets or blisters on the epidermis of the chilli placenta Zamski et al., 1987) . A single dominant gene at locus C controls the presence or absence of pungency in Capsicum (Blum et al., 2002 and references therein) . However, in pungent types the degree of pungency is quantitatively inherited and signi®cantly affected by environment (Zewdie and Bosland, 2000a) .
Capsaicinoid biosynthesis has been demonstrated in the vacuolar fraction of placental cells, beginning approximately 20 d post-anthesis and persisting through fruit development (Iwai et al., 1979) . Capsaicinoids are produced by a condensation reaction catalysed by capsaicin synthase between vanillylamine, derived from phenylalanine, and a branched-chain fatty acid, derived from either valine or leucine ( Fig. 1) (Bennett and Kirby, 1968; Leete and Louden, 1968; Ochoa-Alejo and Gomez-Peralta, 1993; Sukrasno and Yeoman, 1993) . Members of the capsaicinoid class differ in length of the fatty acid side chain, which varies in the presence of a single desaturation and in chain length from C9 to C11.
Other members of the Solanaceae synthesize branchedchain fatty acids and in each of these cases, the primer for the extension of the alkane is proposed to be a deaminated branched-chain amino acid (Burke et al., 1987; Kaneda, 1967) . Acyl chain growth occurs by the addition of 2-carbon units via the fatty acid synthesis pathway (Markai et al., 2002; van der Hoeven and Steffens, 2000) . Plants have a type II fatty acid synthase (FAS) similar to prokaryotes, a multi-enzyme complex (Harwood, 1996) . Of the FAS component enzymes, b-ketoacyl synthase (KAS) condenses ketoacyl-CoA groups with malonyl-acyl carrier protein (ACL), releasing CO 2 . Elongation cycles continue until the fatty acid is released by a thioesterase (FAT), which participates in the regulation of chain length. This model is consistent with results from radiotracer studies and accounts for capsaicinoids with even-numbers of carbons in the acyl chain being extended from isobutyryl-CoA (from valine) while iso-valeryl-CoA (from leucine) is incorporated into capsaicinoids with oddnumber chains (Suzuki et al., 1981) .
Little is known about the genes or enzymes of the capsaicinoid biosynthetic pathway, or about the role these genes play in the phenotypic variability in capsaicinoid content observed in pepper fruit. In earlier work, differential patterns of transcript accumulation for phenylpropanoid pathway genes, Pal, Ca4h, and Comt, were correlated with fruit pungency (Curry et al., 1999) . Differential screening of a habanero (Capsicum chinense) placental cDNA library recovered three cDNAs with signi®cant sequence similarity to proteins important in fatty acid biosynthesis. In this report the pattern of expression and genomic position of three genes, Kas, Acl, and Fat are described. These gene products are candidates for the biosynthetic enzymes for the branchedchain fatty acids used in capsaicinoid biosynthesis.
Materials and methods

Plant materials
Plant material was propagated by seed in Metro-Mix 360, fertilized with Osmocote (14-14-14) and maintained in a greenhouse on the main campus of NMSU. Plant material included a habanero pepper, Capsicum chinense, cv.`Early Scotch Bonnet' (Stokes Seed); C. annuum jalapen Äo, and a New Mexican pod type, New Mexico 6-4 (P Bosland, NMSU).
RNA blot hybridization
Plant tissues to be used for RNA isolation were collected directly into liquid N 2 . The organs used for RNA isolation were from immature (green) fruit for the fruit wall, placenta and seed samples. The roots, stem, leaf, and¯ower used for RNA isolation were from young habanero plants (~7 months old). Total RNA, and recombinant DNA for probe preparation were isolated as described earlier (Kahn et al., 1993) . The probes consisted of the entire cDNA insert puri®ed from gels following restriction digestion or, as speci®cally indicated, the 3¢-UTR of Acl. This fragment was generated as a 227 bp fragment following digestion of the Acl cDNA with Xcm1 and Xmn1. RNA blots were prepared as described previously by Pelle and Murphy (1993) . All northern blots were replicated several times using independent sources of RNA and probe.
DNA and protein sequence analyses
Con®rmed double-stranded DNA sequences were obtained. Several bioinformatics tolls were used: BLAST at the NCBI web site (www.ncbi.nlm.nih.gov/BLAST, Altschul et al., 1997) ; BLOCKS (www.blocks.fhcrc.org, Henikoff and Henikoff, 1994) ; PSORT (psort.nibb.ac.jp, Nakai and Kanehisa, 1992) , and TargetP v1.01 (www.cbs.dtu.dk/services/TargetP/, Emanuelsson et al., 2000) . Multiple sequence alignments and dendrograms were generated using a downloaded version of Clustal W (Thompson et al., 1994) .
Puri®cation of recombinant KAS
Af®nityÔ LIC cloning kit (Stratagene) was used to express Kas in E. coli. The entire cDNA minus the signal sequence was cloned into the pCAL-n-EK plasmid. Protein expression was induced in the BL21 (DE3) pLysS cells with 3 mM IPTG for 5 h at 37°C. After induction, the cell pellet was resuspended in a CaCl 2 buffer (Stratagene) and stored at ±80°C until further use. The expressed protein was puri®ed according to the manufacturer's protocol and the eluted protein concentrated in a vivaspin concentrator (ISC BioExpress). To remove the CBP-tag, the concentrated protein was dialysed using BIODIALYSIS dialysis tubing (Sialomed Inc.) against the enterokinase buffer for 24 h at 4°C and then incubated for 24±48 h at room temperature with enterokinase.
Generation of anti-KAS antibodies and immunoblotting
Discontinuous PAGE was performed with SDS (Laemmli, 1970) . Following removal of the CBP tag, the af®nity-puri®ed recombinant protein was run on a preparative SDS-PAGE. The KAS band was excised from the polyacrylamide gel to generate polyclonal antibodies in rabbits (Bethyl Laboratories, Montgomery, TX). Antibodies speci®c for the pungent habanero proteins (BL21-negative) were made by adsorbing anti KAS-antisera against protein blots of E. coli cell lysates prior to use.
Plant samples containing 80±100 mg protein from placental extracts were electrophoresed on discontinuous SDS-PAGE. Western blots were prepared on nitrocellulose membrane (Towbin et al., 1979) . Immunoblotting was carried out using the ImmunoBlot Assay Kit from BioRad. After blocking, the membranes were incubated with anti-KAS antibody for 16±18 h at room temperature and washed three times (10 mM TRIS-HCl pH 8.0, 150 mM NaCl, 0.1% Tween-20 v/v). Following incubation with goat anti-rabbit IgG conjugated to alkaline phosphatase for 3±5 min at room temperature, colour development proceeded for 3±5 h as recommended in the kit. No staining was detected when the preimmune serum was used as a negative control.
KAS assay
The KAS assay procedure (Shimakata and Stumpf, 1983 ) measured the production of radiolabelled fatty acids. Phenyl methyl sulphonyl¯uoride was added to the cell lysate (1 mM ®nal) and the lysate stored on ice until use. The assay mixture (total volume 0.5 ml) contained 540 mg of total protein, 2.5 mM E. coli ACP, 10 mM acetyl CoA, 100 mM potassium phosphate pH 7.4, 15 mM isobutyryl-CoA, 1 mM each of NADH and NADPH, and 15 mM 2-[
14 C] malonyl-CoA (2.04 GBq mmol ±1 , 55 mCi mmol ±1 , Amersham). Reactions were conducted at 37°C for 25 min and stopped by the addition of 10 ml reducing agent (0.1 M K 2 HPO 4 , 0.4 M KCl, 30% tetrahydrofuran v/v, 5 mg ml ±1 NaBH 4 ) with incubation for 30 min at 37°C. Radiolabelled fatty acids were extracted with toluene, and counted in ScintiVerse E cocktail (Fisher Scienti®c) in a Packard Liquid Scintillation counter (Packard). To study the effect of the inhibitor cerulenin, cell extracts were preincubated with 20 mM cerulenin for 30 min at 37°C prior to the assay.
Immunohistochemistry
Fruit were collected directly into ®xative, 2.5% (v/v) glutaraldehyde in 0.07 M sodium phosphate, pH 7.4. Samples were dehydrated through 70% (v/v) ethanol and embedded in paraf®n. Sections (5 mm) were cut and stained with anti-KAS antibody at 1:500 dilution and Cy5 tagged anti-rabbit goat antibodies. Samples were imaged using a BioRad 1024M confocal scanning ArKr laser and an Olympus microscope. The Cy5 signal was excited with 647 nm and detected with a 680 nm emission ®lter. The auto¯uorescence signal was excited with 488 nm and detected with a 540 nm emission ®lter. A composite image was created with false colour, red for the Cy5 signal and green for the auto¯uorescence. There was no staining detected when the preimmune sera was used, or when only the secondary antibody was used as a negative control.
Genetic mapping
Genetic map positions for the Acl, Fat, and Kas clones were determined according to the procedures of Livingstone et al. (1999) using an existing Capsicum map with 1007 mapped RFLP, AFLP, RAPD, and isozyme loci. Three interspeci®c mapping populations were used, AC, FA and FC. The AC population includes 75 F 2 individuals from C. annuum cv.`NuMex RNaky' (Nakayama and Matta, 1985) Q C. chinense USDA PI 159234. The FA population includes 47 F 2 individuals genotyped for 218 RFLP markers from C. frutescens BG 2814-6 (Zhang, 1997; Grube et al., 2000) Q C. annuum cv. NuMex RNaky. The FC population includes of 55 F 2 plants genotyped for 157 RFLP markers (Zhang, 1997) from C. frutescens, BG 2814-6 Q C. chinense PI159234. Survey ®lters used to assess parental polymorphism and mapping ®lter sets for each enzyme were prepared as described previously (Livingstone et al., 1999) .
Probes were generated from plasmid clones by PCR. For Acl, the probe contained the entire transcribed region and¯anking polycloning site. The Fat probe was a portion from the coding region (bp 35±508). Two Kas probes were made: one from the coding region (bp 121±1074) and one from the 3¢ untranslated region (bp 1484±1848).
Segregating bands were scored independently and entered into the MAPMAKER/EXPv3.0b program (Lincoln et al., 1993) . Clones were positioned within the existing AC framework map according to the procedures of Livingstone et al. (1999) . In the FA,`group' (LOD >3, within 20 cM) was used to de®ne a linkage group for the C. frutescens band that could be visually aligned with the AC map based on shared markers. Pairwise distances to the most closely linked marker were also found using the Kosambi function (Kosambi, 1944) .
Results
Acyl carrier protein (Acl)
The cDNA clone for chilli Acl contained a 683 nucleotide transcript: 35 nucleotide 5¢-UTR, 399 nucleotide coding region and a 249 nucleotide 3¢-UTR (GenBank AF127796). The approved three letter abbreviation for acyl carrier protein is Acl, even though in biochemical literature ACP is commonly used, (CPGN, http://genomewww.stanford.edu/Mendel/). The predicted translation product of the coding region was an 132 amino acid protein with greater than 70% sequence identity to ACLs from plants. The amino terminus of the gene product has a plastid targeting sequence as expected (aa 1±49). Transcripts for this gene are abundant in the placenta and fruit wall of immature (green) fruit, with the fruit wall accumulating approximately half the transcript abundance of placenta (Fig. 2a) . Transcripts are reduced in abundance in root, stem, leaf,¯ower, and seed. Transcript abundance for Acl in placental tissue was related to capsaicinoid content among varieties differing in capsaicinoid levels (Fig. 2b) . Acl transcript levels were highest in the most pungent chilli, habanero, then jalapen Äo and lowest in the mild New Mexico 6-4. The capsaicinoid levels in these varieties range from~300 000 SHU for habanero to 30 000 for jalapen Äo to 1500 for New Mexico 6-4. The placentalenhanced pattern of expression observed with the fulllength cDNA was also observed when the 3¢-UTR portion of the Acl cDNA was used as a probe. Transcripts for Acl were more abundant early, in placenta from immature or green fruit, and decreased in abundance as the fruit matured (Fig. 2c) .
Multiple sequence alignments of the chilli ACL with other plant ACL sequences was performed using only those amino acid residues present in the mature protein, minus the plastid targeting sequence. The chilli ACL sequence aligned with the other plant ACL sequences (Fig. 3) . The serine residue at the active site is in a wellconserved sequence motif, GADSLD found in chilli and all other plant ACLs (Kopka et al., 1993) .
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Thioesterase (Fat) The cDNA clone for a chilli acyl-ACP thioesterase contained a 1342 nucleotide transcript: 5 nucleotide 5¢-UTR, 1116 nucleotide coding region and a 221 nucleotide 3¢-UTR (GenBank accession number AF318288). The predicted translation product of the coding region was a 372 amino acid protein with greater than 70% sequence identity to thioesterases from plants. The amino terminus of the predicted gene product has a plastid targeting sequence as expected (aa 1±72). Transcripts for this gene were abundant in the placenta of immature fruit (Fig. 2a) . Transcripts were barely detected in the fruit wall, root, stem, leaf,¯ower, and seed. In Fig. 2b , Fat transcript levels were highest in the most pungent chilli, habanero, then jalapen Äo and lowest in the mild New Mexico 6-4. Transcripts for Fat were more abundant early, in placenta from immature or green fruit, and decreased in abundance in mature fruit (Fig. 2c) .
Multiple sequence alignments of the amino acid sequence of the chilli FAT with plant FATA sequences were performed using only those amino acid residues present in the mature protein, minus the plastid targeting sequence. In plants, the active site in FATA requires cysteine and histidine (Yuan et al., 1996) ; the chilli FAT contained both of these amino acids in well-conserved sequence motifs: YRRECQ, positions 231±236, and NQHVNN, positions 198±203 (Fig. 4) . A larger number of sequences, all plant FATA and FATB sequences available in GenBank (autumn 2000) and Clustal W were used to generate a phylogenetic tree. The thioesterases cluster into two different clades represented on the tree as FATA and FATB; the chilli protein clustered with the FATA group (data not shown).
b-ketoacyl ACP synthase (Kas) The sequence and pattern of expression of a placental speci®c chilli Kas (GenBank accession number AF085148) has been described (Aluru et al., 1998; Curry et al., 1999) . Transcripts for Kas are speci®c to placental tissue (Curry et al., 1999) and have the same differential patterns of placental expression as Acl and Fat (Fig. 2) .
Multiple sequence alignments of the chilli KAS with other plant KAS sequences was performed using only those amino acid residues predicted to be present in the mature protein, i.e. after import into plastids. The PSORT algorithm predicts that the chilli KAS is a plastid targeted protein; the TargetP algorithm predicts only low con®-dence that the chilli KAS is a plastid targeted protein. The chilli KAS sequence aligned with other plant class 1 KAS sequences. Alanine residues usually¯ank the cysteine residue at the catalytic site, position~183, TACAT (Fig. 3C ). This amino acid sequence was present in chilli KAS, and there was sequence identity or similarity over extensive stretches of the full-length protein sequence. Using ClustalW, an analysis of a larger number of KAS sequences, all plant KAS sequences (Classes I, II, III) in GenBank (autumn 2000) was also performed. The different classes of KAS clustered into different clades, and as expected, the chilli protein was in the class I clade (data not shown).
Mapping of Kas, Fat and Acl All discernible bands, when candidate genes were hybridized with total genomic DNA, were assigned to pepper linkage groups (Table 1 ). In the AC population, the MAPMAKER/EXP`build' command did not establish a unique order within the framework at LOD>3.`Ripple' showed that the only signi®cant orders within the framework placed clones immediately on either side of the most closely linked framework marker for each.
Acl and Fat were both single copy loci in pepper based on the number of pronounced bands on survey ®lters of C. annuum and C. chinense genomic digests (Fig. 4) . Acl mapped to a position in the middle of pepper linkage qroup 1 (P1), between TG70 and PG293, 2.7 cM from Pgm2. Fat mapped to a distal position on P6, 3.2 cM from TG220a (Table 1) .
By contrast, the Kas probe derived from the coding region hybridized to at least eight bands. Several of the polymorphic bands hybridizing to the Kas coding region probe were mapped to eight positions in the genome. To Fig. 2 . Expression of Acl, Fat and Kas in chilli tissues. Total RNA (5 mg) was separated by electrophoresis, transferred to nylon membranes and probed with 32 P-labelled Fat, Acl, Kas, or the 3¢-UTR of Acl (Acl 3¢). In each panel the RNA load is monitored by the ethidium bromide-stained ribosomal RNA, indicated as EtBr in the ®gure. (A) RNA from habanero placenta from green (g), green/orange (g/o) or orange (o) fruit; (B) RNA from the placenta of immature (green) fruit of habanero (H), jalapen Äo (J), New Mexico 6-4, (6-4); (C) RNA was isolated from fruit wall (fw), placenta (pl), seed (se) of immature (green) fruit of habanero; from root (rt), stem, (st), leaf (lf) or¯owers (¯) from habanero. Fig. 3 . Alignment of ACL. FAT and KAS sequences. Clustal W was used to generate multiple sequence alignments, position 1 is the amino terminus after cleavage of the transit peptide. Amino acid identities with top sequence are represented as dots in the alignments. In the last line, asterisk indicates aa identity, colon indicates highly conservative substitution, and a period indicates a less conservative substitution. The position of the catalytic site is underlined. (A) ACL alignments: Hv, Hordeum vulgare, aa 60±149, M24425; Cl, Cuphea lanceolata, aa 57±140, X77620; Cc, Capsicum chinense, aa 50±131, AF127796; At, Arabidopsis thaliana, aa 50±137, AL161562; So, Spinacia oleracea, aa 49±130, X52065. (B) FATA alignments: Cs, Coriandrum sativum aa 65±313, L20978; At, Arabidopsis thaliana, aa 67±315, Z36912; Bn, Brassica napus, aa 65±313, X87842; Cc, Capsicum chinense, aa 73±321 AF318288; Gm, Garcinia mangostana, aa 49±297, U92876. (C) KAS 1 alignments: Pf, Perilla frutescens, aa 43±474, AF026148; Gm, Glycine max, aa 46±469, AF243182; At, Arabidopsis thaliana, aa 45±473, AB010698; Hv, Hordeum vulgare, aa 38±462, M60410; Cc, Capsicum chinense, aa 65±488, AF085148.
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at Pennsylvania State University on February 21, 2013 http://jxb.oxfordjournals.org/ determine which of these polymorphic bands corresponded to the placental Kas with putative function in capsaicinoid biosynthesis, a second hybridization was done using a probe generated from only the 3¢-UTR, based on the assumption that this region would be less conserved among related gene family members. The Kas 3¢-UTR probe hybridized to two bands, but only one was polymorphic when DNA was cut with BstNI or EcoRV (Fig. 4) . All bands from the hybridization of Kas 3¢-UTR scored in the AC population mapped to the top of P1 within 0.4 cM of CT252. Again, the commands`build' and`ripple' did not establish the position of the Kas 3¢-UTR markers relative to CT252, so the markers are placed on the same line as CT252 (Table 1) .
Recombination between markers in three C. chinense individuals in EcoRV versus BstNI digests suggested that both copies of the placental-speci®c Kas had been identi®ed using the 3¢-UTR. To con®rm this, two additional mapping populations, the FA and FC populations, were created by crossing each parent of the AC population with a third species, C. frutescens. In contrast to the AC population, the upper EcoRV band was polymorphic in FA, and both bands were polymorphic and co-segregated in the FC population (Fig. 4) . Using data from the FA population, the C. frutescens band grouped with and linked to the same marker as those bands mapped in AC. Therefore it is concluded that the two fragments in C. chinense that hybridize with the Kas 3¢-UTR represented two linked copies of placental-speci®c Kas family members.
KAS activity of the recombinant protein expressed in E. coli To test whether Kas encodes a protein with KAS activity, the entire coding region of Kas except for the ®rst 135 nucleotides (45 amino acids) corresponding to a putative plastid targeting sequence was included in the construction of the recombinant protein. The calculated molecular weight of KAS including the signal sequence was 52.5 kDa. The molecular weight of the protein expressed from the recombinant vector was expected to be 51.5 kDa, 47.5 kDa for the KAS domain plus 4 kDa for the calmodulin-binding-peptide (CBP). On SDS-PAGE, the puri®ed recombinant fusion protein expressed in E. coli migrated as a 58 kDa protein (Fig. 5A) .
Biochemical assays for KAS were carried out in recombinant E. coli; activity was measured as the formation of longer chain fatty acids incorporating 14 C-malonylCoA. The recombinant KAS from pungent habanero increased the formation of long-chain fatty acids (>C8) as measured by the amount of radioactivity extractable in toluene (Table 2) . KAS activity was found to increase approximately 10-fold upon induction of expression of the recombinant protein, and the induced KAS activity was inhibited~50% by 20 mM cerulenin. This sensitivity to the inhibitor cerulenin was characteristic of class 1 KAS.
Detection of KAS in chilli placental tissues
Immunoblotting was performed with crude placental extracts of green fruit chillies using protein from pungent habanero, jalapen Äo, and New Mexico 6-4. Anti-KAS antisera reacted with three different proteins, 66, 56 and 47 kDa, in chilli placenta (Fig. 5B) . The 66 and 56 kDa proteins were detected in all three chilli types. The 47 kDa protein was detected in the placenta of pungent habanero and jalapen Äo. The predicted size for the preprotein with plastid transit peptide was 52.5 kDa and for the processed form of KAS was 47.5 kDa. Whether the 47 kDa band or the 56 kDa band represents the mature form of the placental KAS is not clear, as the recombinant form of this protein migrated on SDS-PAGE at a molecular weight greater than that predicted from primary amino acid sequence. The 56 kDa form of KAS ran as a doublet in both the E. coli preparation and in the placental extracts. This protein from E. coli was detected on SDS-PAGE using Coomassie stain; in the placental extracts, the 56 kDa doublet was detected using antibody. No immunostaining was detected on the western blots when the preimmune serum was used (data not shown).
Using the anti-KAS antisera, sections of fruit tissue from different types of chilli were analysed to determine where the protein accumulated. No transcripts for KAS were detected on northern blots containing RNA from fruit wall or seed from habanero, jalapen Äo, or New Mexico 6-4 (Curry et al., 1999) . As expected, the anti-KAS antibody did not react with proteins in histological sections of these fruit parts (data not shown). KAS was readily detected in histological sections of placental tissue from immature (green) fruit of habanero and jalapen Äo and present at lower abundance in New Mexico 6-4 placenta (Fig. 6) . No staining was detected when the preimmune serum was used or when only the secondary antibody was used to stain the samples (data not shown). The immunohistochemical signal detected by the laser scanning confocal microscope is expected to re¯ect the abundance of the sum of all of the bands detected in the western blot (Fig. 5B) . KAS appeared to accumulate in the placental epidermal and sub-epidermal cell layers of all three fruit types, with maximal signal detected in habanero. The epidermal receptacles for the accumulation of capsaicinoid oil were adjacent to the cells accumulating KAS in these images.
The abundance of KAS in these samples was correlated with the degree of pungency in the fruit, habanero having the most KAS and New Mexico 6-4 the least.
Discussion
Capsaicinoids are synthesized via the intersection of the phenylpropanoid pathway and branched-chain fatty acid pathway (Bennett and Kirby, 1968; Leete and Louden, 1968) . The phenylpropanoid pathway is ubiquitous in plants and the products of this pathway serve many different functions (Dixon and Paiva, 1995) . Enzymes of fatty acid synthesis are highly conserved, and their function has been implicated in the biosynthesis of branched-chain fatty acids within other Solanaceae. The present study identi®ed and partially characterized three fatty acid synthase genes, Kas, Acl, and Fat, from pungent habanero.
Kas was expressed in E. coli for protein blot analysis in order to corroborate the expression pattern of this gene in chilli placenta and activity assays con®rming the annotation of this gene. Expression of Acl and Fat was placentalenhanced and developmentally regulated in pungent habanero, and transcript accumulation for these genes was positively correlated with the degree of fruit pungency. These patterns of RNA accumulation were very similar to the patterns of expression for other biosynthetic genes: Pal, Ca4H, Comt, and pAmt (Curry et al., 1999) . Further, immunohistochemical analysis with chilli KASspeci®c polyclonal antibodies demonstrated that KAS accumulated in the placenta of pungent chilli fruit, and the greatest abundance of KAS was found in the epidermal cell layers of the placenta near the capsaicinoid receptacles. Since all cells in the plant require expression of FAS genes, the tissue-speci®c expression pro®le of the three genes described here is indirect evidence that these genes must be capsaicinoid/placental speci®c members of their respective gene families. These expression results are consistent with the hypothesis that these FAS components are speci®c for the branched-chain fatty acids needed for capsaicinoid synthesis. Alternatively, expression of these FAS subunits Blue stained analysis of 1, lysate from BL21 cells induced with IPTG (80 mg); 2,¯ow-through lysate (80 mg); 3, af®nity puri®ed KAS (2 mg) run on 12% SDS-PAGE gels. (B) Western blot detection using anti-KAS polyclonal antibodies and counterstained with goat antirabbit antibodies conjugated with alkaline phosphatase for colour development. Placental extracts (100 mg protein) from green fruit: 1, habanero; 2, jalapen Äo; 3, New Mexico 6-4; were run on 12% SDS-PAGE gels. Arrows mark the position of antigenic proteins at 66, 56 and 47 kDa, relative migration of molecular weight markers in kDa are indicated on left. could be associated with other features linked with capsaicinoid accumulation, for example, receptacle or blister structures. KAS1 is typically a dimer with subunit sizes of 43±46 kDa, usually these are homodimers (Mackintosh et al., 1989; Siggaard-Andersen et al., 1991) . Polyclonal antibodies to habanero KAS detected a protein of molecular size 47 kDa that was present only in pungent chillies and cross-reacted with a protein of same size from jalapen Äo. In plants, de novo fatty acid synthesis occurs in plastids and thus KAS is expected to be targeted to the plastids. Alignment of chilli and barley KAS1 (Siggaard-Andersen et al., 1991) sequences indicated the presence of a 46-amino acid transit peptide. The calculated size of chilli KAS without the putative signal sequence was 47.5 kDa, in good agreement with the size of the observed protein band in placental extracts.
The enzyme activity encoded by the chilli Kas was determined directly on the induced E. coli lysate. Other studies have had mixed results with studying ketoacyl synthases in this manner. Recombinant expression of KAS1 from Cuphea hookeriana did not result in an active enzyme (Dehesh et al., 1998) , while a cDNA for KAS3 from leek expressed in E. coli catalysed the expected condensation reaction (Chen and Post-Beittenmiller, 1996) . The chilli KAS over-expressed in E. coli performed the condensation reaction that results in the elongation of fatty acids and this activity was inhibited by 20 mM cerulenin, thus con®rming the annotation of the gene as KAS and suggesting that this gene product is most similar to class I KAS enzymes.
Recent studies in transgenic plants demonstrate that both KAS and thioesterase contribute to the regulation of fatty acid chain length (Dehesh et al., 1998; Leonard et al., 1998) . The role of chilli Fat in capsaicinoid biosynthesis would be a novel function for this type of thioesterase. Typically, FATB accepts saturated acyl-ACP substrates of varying length, while FATA is speci®c to unsaturated fatty acids and acts on C18:1, oleic, acyl-ACPs (Jones et al., 1995) . In this study, it was found that a clone that clearly groups with FatA genes, based on amino acid sequence, was differentially expressed in pungent tissue. Whether this chilli FAT is a member of a new FAT class or is a member of a FATA subgroup able to recognize capsaicinoid branched-chain acyl groups in place of oleic ones remains to be determined.
The positions of Acl, Fat and Kas were mapped in the chilli genome by RFLP and integrated into the genetic map of Livingstone et al. (1999) . Acl and Fat were present as single copies in the genome, while Kas occurs as two linked homologues con®rmed by the detection of limited recombination in the AC population. None of the possible locations for these three cloned transcripts overlapped with the genomic position of C (Blum et al., 2002) therefore, these three genes were excluded as candidates for C.
There is both a qualitative component and a quantitative component to the heritable variation in capsaicinoid levels in chilli (Blum et al., 2002; Zewdie and Bosland, 2000a, b, c) . Thorup et al. (2000) demonstrated that prior knowledge of QTL candidate genes can be a great advantage in determining the underlying control of quantitative traits within the Solanaceae. mapped QTLs for short and medium length fatty acids and branchedchain fatty acids in acyl sugars in tomato. An effort is currently underway to map tomato homologues for these chilli genes to de®ne their position relative to QTL that affect fatty acid pro®les of acyl sugars in tomato. Fig. 6 . Immunolocalization of KAS. Sections of placental tissue from green fruit of habanero (hab), jalapen Äo (jala) or New Mexico 6-4 (NM 6-4) were stained with anti-KAS antibody and counterstained with Cy5 tagged goat anti-rabbit antibody (red signal); auto¯uorescence is green signal. The sections are oriented with the epidermal layer on the right in each panel (arrowheads at the surface of the epidermis). Images were collected using a BioRad 1024 ArKr laser scanning confocal microscope.
